(referred to as IAPWS-IF97). After these formulations for the thermodynamic properties had been adopted, IAPWS coordinated an international research project in collaboration with the International Association for Transport Properties (IATP) to also develop updated formulations for the transport properties of H 2 O. These efforts led to the adoption of the IAPWS Formulation 2008 for the Viscosity of Ordinary Water Substance 5 and of the IAPWS Formulation 2011 for the Thermal Conductivity of Ordinary Water Substance. 6 The new formulation for the viscosity of H 2 O was described in a previous paper in this journal. 7 The present paper is concerned with the updated recommendations for calculating the thermal conductivity of H 2 O.
A first set of skeleton tables for the thermal conductivity of H 2 O, covering pressures up to 50 MPa and temperatures up to 700°C, together with some interpolating equations excluding the critical region, was issued in 1964 upon the instruction of the 6th International Conference on the Properties of Steam. 8, 9 It was not clear at that time how to represent the thermal conductivity of H 2 O in the critical region. The presence of a pronounced critical enhancement of the thermal conductivity in fluids, such as carbon dioxide, had just been discovered. 10, 11 However, the research group of Amirkhanov et al. had not been able to confirm the presence of a pronounced critical thermal-conductivity enhancement for carbon dioxide 12 or for steam. 13 Hence, the possibility of such an enhancement in steam was discarded, and the thermal conductivity of H 2 O in the critical region was estimated from smooth graphical interpolations along isobars from low temperatures to high temperatures.
In the 1970s, it was demonstrated experimentally that the thermal conductivity of H 2 O also exhibits a pronounced enhancement in the critical region. 14, 15 The 8th International Conference on the Properties of Steam, held in 1974, established a special committee for the purpose of completing new formulations for the transport properties of H 2 O. This effort led to the adoption of a Release on the Dynamic Viscosity of Water Substance in 1975, as was discussed in a previous recent publication, 7 and a Release on the Thermal Conductivity of Water Substance in 1977. [16] [17] [18] [19] The 1977 Release contained a 25 It was certified by the International Association for the Properties of Steam (IAPS) that the recommended interpolating equation for the thermal conductivity for scientific use could be used in conjunction with the IAPWS 1984 Formulation for the Thermodynamic Properties without any loss of accuracy. 19, 26 This formulation was issued as the Release on the IAPS Formulation 1985 for the Thermal Conductivity of Ordinary Water Substance. 27 As mentioned earlier, the current recommended formulations for the thermodynamic properties of H 2 O are the IAPWS-95 and IAPWS-IF97 formulations. Moreover, the International Practical Temperature Scale of 1968 was replaced by the International Temperature Scale of 1990 (ITS-90). 28 For these reasons, the IAPS Formulation 1985 for the Thermal Conductivity of Ordinary Water Substance was slightly revised, the last revision having been adopted in 2008 to make the information consistent with both the  IAPWS-95 and IAPWS-IF97 formulations for the thermodynamic properties, with ITS-90, and with the recent  IAPWS Formulation 2008 for the viscosity. 29 Nevertheless, we should emphasize that these recommended equations for the thermal conductivity are still the same as the equations adopted in 1977, which are based on the experimental thermal-conductivity information available at that time. 30 Moreover, these equations do not cover the higher temperatures and pressures covered by the IAPWS-95 formulation for the thermodynamic properties. Hence, as for the viscosity, development of a new formulation for the thermal conductivity of H 2 O had become desirable, culminating in the adoption of the IAPWS Formulation 2011 for the Thermal Conductivity of Ordinary Water Substance. 6 
Experimental Data
As part of a joint project between IAPWS and IATP, experimental data on the viscosity and thermal conductivity of water and steam were collected, converted to the ITS-90 temperature scale and a common set of units, and evaluated. Unless the temperature scale was explicitly stated in a publication or additional information was available, the year of publication was used to determine the appropriate temperature scale for the conversion. Thus the assigned temperature associated with each thermal conductivity data point was adjusted. In principle, also the values of the thermal conductivity may be affected by a change in the temperature scale because of its possible influence on the temperature gradient. This issue was investigated by Mares and Kalova, 31 who concluded that the effect of converting from IPTS-68 to ITS-90 for properties like heat capacity and thermal conductivity never exceeds 0.2% and, therefore, can be neglected when analyzing thermal conductivity data for water. The resultant database for the thermal conductivity of water, containing 5107 points covering the range of temperatures from 256 K to 1191 K with pressures to 785 MPa, is described in detail in Ref. 32 . This database contains data collected through bibliographic efforts under the auspices of IAPWS and documented in unpublished reports through 1988, as well as including later data through the year 2000.
In the work reported here, we used the database described in Ref. 32 as a starting point. Several works that appeared after the year 2000 were added. [33] [34] [35] [36] In addition, we included a table of data provided by Sirota 37 to IAPWS that summarizes the results based on a series of papers written from 1973 to 1981 (Refs. 14, [38] [39] [40] [41] [42] [43] [44] and that supersedes the original publications. Furthermore, we calculated thermal conductivities from the thermal-diffusivity data of Abramson. 45 The Abramson data are at very high pressures (to 4 GPa) that exceed the range of applicability of the IAPWS-95 formulation 1,2 and were not included in the 2000 database. However, we used these data to guide the highpressure extrapolation behavior of the correlation. Finally, there are three sets of thermal-diffusivity data [46] [47] [48] that are not in the database, but that were used in this work. Two sets in the supercooled liquid region 46, 47 were used to examine the extrapolated behavior of the formulation in the supercooled region. Thermal conductivity derived from thermaldiffusivity data in the critical region 48 were also used in the development of the formulation.
The temperature and pressure range of the available data are shown in Fig. 1 along with the range of applicability of the 1985/2008 IAPWS formulation for the thermal conductivity of water. 29 The 2008 formulation is a minor revision of the 1998 release 49 that is itself a minor modification of the formulation adopted in 1985.
19 Table 1 summarizes all data considered in this work, including an estimate of their uncertainty, the temperature and pressure ranges of the data, the experimental method, and the number of individual data points. Densities have been calculated from the IAPWS-95 Formulation for the Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use. 1, 2 The resultant dataset used for regression comprises 7162 data points from 103 sources that cover a temperature range from 255.75 K to 1191.1 K and pressures up to 1176.8 MPa.
Development of the Correlation
In order to provide consistency with the conventions adopted by IAPWS in its releases on the transport properties of water, we use the following dimensionless variables for temperature T, density ρ, pressure p, and thermal conductivity λ,
where the reference constants are T* = 647.096 K, ρ* = 322.0 kg m À3 , p* = 22.064 MPa, and λ* = 1.00 mW m À1 K À1 . The reference values for temperature, pressure, and density are in agreement with the presently accepted critical parameters recommended by IAPWS. 139 All temperatures are expressed in terms of the ITS-90 temperature scale.
The formulation for the thermal conductivity of water has the general form 26 λ ¼ λ 0 ðTÞ Â λ 1 ðT; rÞ þ λ 2 ðT; rÞ: ð2Þ
The first factor λ 0 of the product represents the thermal conductivity in the zero-density limit and is a function of temperature only. The second factor λ 1 represents the contribution to thermal conductivity due to increasing density, while the third factor λ 2 represents an enhancement of the thermal conductivity in the critical region. The determination of each of these contributions will be considered in Secs. 3.1-3.3.
3.1. Thermal conductivity in the limit of zero density
In order to develop an expression for the thermal conductivity in the limit of zero density, all points from the database for densities less than 50 kg m À3 were considered. This resulted in a total of 1008 points from 42 sources. These are denoted in Table 1 with italics, along with the experimental method used and an estimate of the uncertainty of the measurement. 32 As indicated in Table 1 , the measurements were made by several independent groups with different experimental methodologies. We did not select any of the points published by Sirota et 52 corresponding to pressures below 13.3 kPa (10 cm Hg) that were considered to be subject to severe temperature jumps. 19 Following the procedure used in the development of the formulation for the viscosity of water, 7 the remaining points were then sorted into temperature "bins" of at least three points that covered temperature ranges up to 8 K and included at least one point with a density less than 10 033102-4 HUBER ET AL. Weighted linear least-squares regression was then used to extrapolate the nominal isotherms in order to obtain the value at zero density, λ 0 . Points were weighted with a factor equal to the inverse of the square of the estimated relative uncertainty. Both linear and quadratic density regressions were performed and the best fit was selected for λ 0 . Confidence intervals 144 constructed from the regression statistics were 95%. Some isotherms that had unusually large uncertainty bands due to inconsistencies in the underlying data were rejected from further consideration. In addition, for the isotherms of Miroshnichenko and Makhrov, 122 the experimental uncertainty was used directly since regression was not performed on these isotherms. Also, it was not possible to perform a regression on the highest temperature isotherm, 1111.58 K, since all points were at the same pressure. In this case an average value was taken and estimated to be equivalent to the value at zero density, with an uncertainty equivalent to the experimental uncertainty.
In order to supplement the experimental dataset at very low and at high temperatures where data are unavailable or sparse, we incorporated selected theoretical data points from the recent work of Hellmann et al. 145 We first adjusted the theoretical values by increasing their magnitude by 1% (as recommended by the authors), 146 and ascribed to the theoretical values an uncertainty compatible with that of the experimental data, namely, 2% (at a 2σ confidence level) for points below 800 K and 3% for points at higher temperatures. Six theoretical points covering 250-300 K and six hightemperature theoretical data points covering 800-1100 K were added to the λ 0 dataset. In addition, in agreement with a decision made at the IAPWS meeting in 2009, the uncertainties of the experimental values were increased so that the theoretical values were within the uncertainty band.
We selected a form of equation similar to that used previously 49 for the dimensionless thermal conductivity in the 033102-6 HUBER ET AL.
limit of zero density,
We explored weighted least squares and weighted orthogonal distance regression 147 for 3, 4, and 5-term expressions of the form of Eq. (4) with integer and half-integer exponents, k. Preliminary regressions identified statistical outliers, 148 which were then excluded from the final regression. The final set of λ 0 values contained 86 data points from 250 K to 1100 K and is shown in Fig. 2 . The coefficients obtained from the regression are given in Table 2 . The weights were equal to the inverse of the square of the estimated uncertainty. Figure 3 145 The present formulation attempts to address this deficiency by incorporating theoretical values to guide the extrapolation behavior of the correlation in regions where experimental data are unavailable or sparse. Figure 4 shows the present equation, the experimental λ 0 data, the 1985/2008 IAPWS Formulation, 29 and also the recent theoretical λ 0 values from the work of Hellmann et al. 145 that have been adjusted upward by 1%, as mentioned earlier. The theoretically calculated values were obtained in the rigid-rotor approximation with the CC-pol intermolecular potential-energy surface by Bukowski et al. [149] [150] [151] and the classical trajectory method. The proposed correlation represents both the experimental and theoretical values within the experimental uncertainty of 3% in its range of validity of temperatures up to 1173 K. Although there are data up to 1191 K, we limit the upper temperature on the range of validity to be consistent with the viscosity formulation 5 used in the calculation of the enhancement of thermal conductivity discussed in Sec. 3.3. 
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The extrapolation to higher temperatures (2000 K) agrees with the theoretically predicted behavior to within about 3%.
Residual contribution
The second factor λ 1 of the product in Eq. (2) is the residual thermal conductivity and represents the contribution to thermal conductivity due to increasing density. This term is sometimes referred to in the literature as the excess thermal conductivity, but here we follow the alternative nomenclature of residual thermal conductivity. The critical region is not considered here; it will be treated separately in Sec. 3.3. We adopt the same general form for λ 1 as in an earlier work,
with coefficients L ij to be determined by regression of experimental data and the dimensionless density as defined in Eq. (1). All points were initially assigned weights 1/u 2 , where u is the estimated relative experimental uncertainty. The uncertainties are given in Table 1 ; they are those given by Assael et al., 32 or the original author's recommendation when available. All densities were computed with IAPWS-95. Also, any points that exhibited differences of more than three standard deviations from preliminary regressions were considered outliers and were not used in further regression analysis. In order to extend the behavior of the correlation to higher pressures, we derived thermal conductivities from the thermal-diffusivity data of Abramson 45 and included these data in our regressions even though the data are not included in the experimental database. The thermal conductivity is related to the thermal diffusivity D with the relationship λ = Dρc p , where the density and heat capacity are obtained from the equation of state. The Abramson data are listed in Table 3 , and contain points at pressures as high as 3.7 GPa, which is outside of the range of applicability of the equation of state; 2 however, we include these data to guide the extrapolation behavior of the correlation at extreme pressures. The 1985/2008 IAPWS Formulation 29 has very unrealistic behavior in this region (for example, at 800 K and 2 GPa the thermal conductivity from the 1985/ 2008 IAPWS Formulation 29 is too large by more than 2 orders of magnitude) and it was desired to improve upon this behavior.
Equation (5) contains a maximum of 30 empirical terms; there is no theoretical motivation for the form or the total number of terms necessary, or which terms will best represent the experimental data. We used the orthogonal distance regression package ODRPACK (Ref. 147 ) and eliminated statistically insignificant terms as indicated by ODRPACK. Some datasets received additional weight in order to represent them to near, or within, their experimental uncertainty. We also required the correlation to reproduce the value (0.6065 W m À1 K À1 ) at 298.15 K and 0.1 MPa recommended by Ramires et al. 152 The critical region was represented by a theoretical formulation 153 that contains a single parameter q À1 D , as is discussed in Sec. 3.3. A residual-term formulation with a total of 28 terms provided the best representation of the data with the fewest number of terms. The final values of the coefficients for the residual function are given in Table 4 . A detailed comparison of the correlation with experimental data will be presented in Sec. 4.
Critical region
To represent the critical region term λ 2 in Eq. (2), we use a simplified crossover model developed by Olchowy and Sengers, 153 which has yielded a good practical representation of the thermal conductivity of many fluids in the critical region [154] [155] [156] [157] [158] [159] [160] [161] [162] 
where the specific heat capacity at constant pressure, c p (T,ρ), is obtained from the equation of state, 1,2 and the viscosity, μ(T,ρ), from the IAPWS standard 5, 7 that includes a critical enhancement term. The crossover functions Ω and Ω 0 are given by and
where k ¼ c p =c V is the ratio of the isobaric and isochoric heat capacities, and where
In these equations, R D = 1.01 is a universal dynamic amplitude ratio, k B is the Boltzmann constant, q D is a cutoff wave number, and ξðT; rÞ is a correlation length to be specified below, so that y is a dimensionless variable. We note that the cutoff wave number q D appearing in the crossover function for the critical thermal-conductivity enhancement is physically similar to, but numerically different from, the cutoff wave number q D appearing in the crossover function for the critical viscosity enhancement. 7, 153, 163 We find it convenient to introduce a dimensionless function Z defined by
Equation (6) for λ 2 can then be rewritten as
To express Eq. (10) in terms of dimensionless quantities, we introduce a dimensionless isobaric specific heat capacity c p and a dimensionless viscosity m,
where R = 0.461 518 05 kJ kg À1 K À1 is the specific gas constant as defined by the IAPWS Formulation 1995 for the Thermodynamic Properties of Ordinary Water Substance for General and Scientific Use 1 and where m Ã ¼ 1 Â 10 À6 Pa s as defined by the IAPWS Formulation 2008 for the Viscosity of Ordinary Water Substance. 5 From Eq. (10), it then follows that the dimensionless critical thermal-conductivity enhancement is given by
where
is a numerical constant. To avoid numerical truncation issues in Eq. (10) for small values of y, the function Z(y) is subject to the condition
We note that the calculation of Z q D ξ ð Þfrom Eq. (10) may be sensitive to the order of addition/subtraction of terms, so that parentheses have been put around the terms representing the separate contributions from Ω and Ω 0 to the function Z.
A procedure has already been developed for calculating the correlation length ξ for use in the formulation for the viscosity of H 2 O. 5, 7 The same procedure can be used in the present formulation for the thermal conductivity of H 2 O,
in terms of Dxð!0Þ defined by
DxðT; rÞ ¼ r @rðT; rÞ @p
or DxðT; rÞ ¼ r &ðT; rÞ À &ðT R ; rÞ
In these equations, ν = 0.630 and γ = 1.239 are critical exponents, ξ 0 = 0.13 nm and Γ 0 = 0.06 are critical amplitudes, and T R ¼ 1:5 is a reduced reference temperature. When Dx calculated from Eq. (17) is less than zero, it must be set to zero for calculations to proceed. For general and scientific use, the specific heat capacity c p in Eq. (13), the ratio κ of the specific heat capacities in Eq. (9) 
This re-analysis 170 of the light-scattering data yielded R D = 1.01 AE 0.05, which turns out to be close to the experimental value R D = 1.00 AE 0.04 obtained by Wilkinson et al. for xenon. 176 Hence, in the present formulation for the thermal conductivity of H 2 O we have adopted R D = 1.01 to determine Λ in Eq. (14) . We note that the initial conclusions in Ref. 170 were based on use of the 1985/2008 IAPWS Formulation for the Thermal Conductivity for λ b and not on a background thermal conductivity proposed by Le Neindre et al., 15 as was erroneously stated in Ref. 170 .
The cutoff wave number was determined by an iterative process. Starting with an estimate for q D , the critical enhancement λ 2 ðT ; rÞ was calculated and subtracted from experimental thermal-conductivity data in the critical region to get an improved estimate of the background contribution. This process was repeated until a consistent representation of the thermal-conductivity data in the critical region was obtained with q À1 D = 0.4 nm. This value for q À1 D is similar to those found for some other simple fluids. 153 The values of the constants needed to compute the critical enhancement λ 2 ðT ; rÞ from Eq. (13) for H 2 O are summarized in Table 5 . Note that the value of Λ in Table 5 should be used in the formulation, rather than computing Λ from Eq. (14) .
There are three sources of detailed experimental information for H 2 O in the critical region: thermal-conductivity data obtained by Sirota et al.
14,37-44 with a parallel-plate apparatus, 177 thermal-conductivity data obtained by Le Neindre and co-workers 15, 124 with a coaxial-cylinder apparatus, 177 and dynamic light-scattering measurements for the decay rate of the critical fluctuations obtained by Desmarest and co-workers. 48, [173] [174] [175] Dynamic light scattering yields values for the thermal diffusivity D(q) at a finite wave number q. A procedure for converting the experimental measurements for D(q) into values for the thermal diffusivity D in the hydrodynamic limit q = 0 has been presented in a previous publication. 170 In implementing the procedure, an estimate for the background thermal conductivity λ b deduced from the 1985/2008 IAPWS Formulation 29 was adopted, as mentioned earlier. For the present project, the procedure was repeated but with the background thermal conductivity λ b calculated from Eq. (20) . The values thus deduced from the light-scattering data reported by Desmarest et al. 48 for the thermal diffusivity D as a function of ΔT = T À T c are presented in Table 6 (which is identical to Table 1 1 On comparing this information with the values listed in Table 1 of Ref. 170 , one sees that the values deduced for D and, hence, for λ, from the lightscattering measurements are insensitive to the estimates adopted for the background thermal conductivity. Thus we adopt the thermal-conductivity values in Table 6 as primary experimental data for the thermal conductivity of H 2 O close to the critical temperature.
A plot of these thermal-conductivity data as a function of ΔT = T À T c is presented in Fig. 5 . The curve in this figure represents the values calculated from the present formulation, Eq. (2). The present formulation reproduces these experimental conductivities with a standard deviation of 3%, which is within the experimental accuracy of 3%-5% in D and AE5 mK in ΔT. Since the critical enhancement of the viscosity μ is only significant in a very small range of temperatures and densities around the critical point, 7, 163 one often approximates the viscosity μ in Eq. (11) for the critical thermal-conductivity enhancement by the background viscosity μ b . 153 However, the light-scattering data provide information sufficiently close to the critical temperature where this approximation is no longer justified, as demonstrated by the values listed for μ/μ b in Table 6 . Thus, for an accurate representation of the thermal conductivity very close to the critical point, the full viscosity m is to be kept in Eq. (13) .
Experimental data for the thermal conductivity in the critical region were reported by Sirota in a series of eight papers during the period from 1973 to 1981.
14,38-44 The thermal-conductivity data were obtained with a parallel-plate apparatus. 177 Articles in the series discuss various corrections applied to the original measurements. Our analysis is based on a summary table of the final data provided by Sirota for use by IAPWS. 37 The experimental data are along isobars as a function of temperature on IPTS- 48 The work of Tufeu and Le Neindre 124 represents an extensive effort to improve upon the experimental information earlier obtained by Le Neindre et al. 15 in the same laboratory. The authors state that the two datasets agree within their respective 2% claimed accuracy. They also appear to be consistent with the dynamic light-scattering data for the thermal diffusivity. 175 The thermal-conductivity data of Sirota et al. deviate from the data obtained by Le Neindre and coworkers by as much as 10% in the density range from 200 to 400 kg m À3 at supercritical temperatures up to 673 K. 124 On the 22.6 MPa isobar, there are deviations amounting to 25%. 175 Moreover, as we shall see below, the data of Sirota et al. exhibit some unphysical behavior regarding the location of the thermal-conductivity maxima in the critical region. Hence, we have adopted the experimental data of Tufeu and Le Neindre, 124 together with the dynamic light-scattering data of Desmarest et al., 48 as the primary experimental information to validate the present thermal-conductivity formulation for describing the thermal conductivity of H 2 O in the critical region.
The thermal conductivity of H 2 O at supercritical temperatures is shown as function of the density in Fig. 6 . The symbols indicate the experimental data reported by Tufeu and Le Neindre. 124 The curves represent the values calculated from the present formulation. There are some deviations at T = 652 K, which is only 5 K above T c , where it becomes difficult to measure the thermal conductivity with the coaxialcylinder measurement technique very accurately. Moreover, close to the critical temperature the effects of increased uncertainty in the density on the thermal conductivity become appreciable. However, we know from Fig. 5 that the thermalconductivity formulation does reproduce the correct limiting behavior near the critical temperature. This is further demonstrated in Fig. 7 , which includes the thermal conductivity as a function of density at temperatures very close to T c . Hence, we conclude that the formulation does yield a satisfactory description of the critical enhancement consistent with the available experimental accuracy.
The experimental thermal conductivity data reported by Sirota et al. 37 are shown in Fig. 8 . A comparison of the data of Sirota et al. 37 in Fig. 8 with those of Tufeu and Le Neindre 124 in Fig. 6 reveals some considerable inconsistencies between the two datasets. While the two datasets show similar magnitudes Table 6 . The curve represents the values calculated from the present formulation. by Desmarest et al. 48 and the corresponding values for D = D(0) and λ as a function of ΔT = T − T c . for the thermal conductivity, the density dependence of the thermal-conductivity data of Sirota et al. 37 appears to be unphysical, displaying a maximum at some isobars well above the critical density ρ = ρ c . This problem was already noticed in the development of the previous IAPWS formulation for the thermal conductivity of H 2 O, when the densities were calculated from the reported pressures and temperatures by using other equations of state. 19 In the critical region, the density becomes very sensitive to small errors in either the pressure or the temperature. While Sirota et al. 37 put great efforts in determining the thermal conductivity, we conclude that either the reported pressures or temperatures are not sufficiently accurate to deduce reliable values for the corresponding densities. Tables 7 and 8 are provided to assist the user in computerprogram verification. The thermal-conductivity values are calculated as a function of the tabulated temperatures and densities. Regarding Table 7 , we note that some derivatives from IAPWS-95 (Ref. 1) diverge at ρ = 0; for those points in Table 7 λ 2 must be set to zero. For the liquid points at 298.15 K, Dx calculated from Eq. (17) is less than zero, so (as stated in Sec. 3.3) it must be set to zero for calculations to proceed and λ 2 = 0.
Computer-program verification

Liquid H 2 O at 0.1 MPa
It is useful to have simplified correlating equations for the properties of liquid water at atmospheric pressure with uncertainties no greater than those of the more complex formulations that cover wide ranges of temperature and pressure. For this purpose, IAPWS has recommended formulations for the properties, including thermal conductivity, of liquid water as a function of absolute temperature T at a standard pressure of 0.1 MPa. 178 Details on these correlations are presented in Ref. 178 ; we present only the thermal-conductivity correlation here. An older recommended correlation for the thermal conductivity of liquid water at 0.1 MPa is provided in Ref. 179 ; Eq. (21) below replaces that correlation.
The dimensionless thermal conductivity λ of liquid water at a pressure of 0. The curves represent values calculated from the present formulation. 2). At these points, λ 2 ¼ 0. 48 Additional symbols show the experimental data reported by Tufeu and Le Neindre. 124 The curves represent values calculated from the present formulation. 
whereT = T/(300 K) and c i and d i are coefficients and exponents given in Table 9 . Equation (21) 
Evaluation
In summary, the recommended formulation for the thermal conductivity is given by Eq. (2), λ ¼ λ 0 ðTÞ Â λ 1 ðT; rÞ þ λ 2 ðT; rÞ:
The function λ 0 ðTÞ is given by Eq. (4) with coefficients in Table 2 . The function λ 1 ðT; rÞ is given by Eq. (6) with coefficients in Table 4 . The function λ 2 ðT; rÞ is given by Eq. (13) with the parameters presented in Table 5 , thermodynamic properties from the IAPWS-95 release 1 and the viscosity m from the IAPWS Formulation 2008 for the Viscosity. 
Comparisons with experimental data and previous IAPWS formulation for thermal conductivity
In order to evaluate performance, we have compared the results of the new formulation, Eq. (2), as well as the previous IAPWS formulation for the thermal conductivity, 29 with the experimental database. Comparisons with all sources in the experimental database are presented in Table 10 , which gives the number of data points, estimated uncertainty of the data, average percent deviation, average absolute percent deviation, and the standard deviation of each data source. Some points are extrapolations of the previous IAPWS correlation, 29 because they are outside of the recommended range of temperatures and densities. We define the percent deviation as P = 100* (λ exp -λ calc )/λ exp , where λ exp is the experimental value of the thermal conductivity, and λ calc is the value calculated from the present correlation, Eq. (2). The average absolute percent deviation (AAD) is found with the expression AAD = (Σ|P|)/n, where the summation is over all n points; the average percent deviation (bias) is AVG = (ΣP)/n, and the standard deviation is STDEV = ([nΣP 2 -(ΣP) 2 ]/n 2 ) 1/2 . As indicated in Table 10 , the results of the new formulation and the previous IAPWS formulation for the thermal conductivity 29 are in most cases comparable, with significant differences observed in only a few cases, especially at very high pressures, as discussed below. 50 and the more recent work of Abramson et al. 45 The 1985/2008 IAPWS Formulation 29 was not designed to be used in this region, and deviations are quite large as is evident from Fig. 10b . Since the equation of state is valid up to 1 GPa, we included the highpressure data in our regression in order to improve the behavior of the thermal-conductivity formulation at high pressures. Comparisons with the data show that the deviations are within 5% up to 1 GPa, and within 15% to 4 GPa. Figures 11a and 11b emphasize the region between 100 MPa and 500 MPa. In this region, we felt that the most reliable data are those of Dietz et al. 117 covering the temperature range of 303 K-523 K at pressures up to 350 MPa with an estimated uncertainty of 1%. The data of Lawson et al. 62 and the 1979 data of Amirkhanov et al. 106 are consistent with those of Dietz. It had been notedearlier by Sengers et al. 19 that some of the other data from the Amirkhanov group appear to be inconsistent with the data of other investigators, and this is evident in the deviation plots. Finally, we present Fig. 12 to illustrate how the high-pressure behavior of the 29 Again, the performance is comparable. The present formulation has a small negative bias in the very-high-temperature region compared to the dataset of Vargaftik et al. 72 This is due to the formulation of the zerodensity limit having been made compatible with the theoretical values of Hellmann et al., 145 as was described in Sec. 3.1.
Range and uncertainty estimates for the correlation
The range of validity of Eq. (2) for the thermal conductivity is 182 show that the thermal conductivity of water with the dissociation effect included at 1400 K and 0.1 MPa is approximately 20% greater than that of non-dissociated water, and recommendations are provided for the thermal conductivity of water with the dissociation effect included at temperatures up to 6000 K. 183 For vapor states at temperatures below the triple-point temperature of 273.16 K and pressures less than or equal to the sublimation pressure, the calculation of the thermal conductivity is dominated by the dilute-gas term, and this behaves in a physically reasonable manner down to at least 250 K. For the metastable subcooled liquid at atmospheric pressure, Eq. (2) behaves in a physically reasonable manner down to 250 K, as discussed further in Sec. 4.3. Finally, for stable fluid states outside the range of validity of Eq. (2), but within the range of validity of IAPWS-95, 1 the extrapolation behavior of Eq. (2) is physically reasonable.
The critical thermal-conductivity enhancement is significant in a large range of temperatures and densities. This is illustrated in Fig. 16 , which shows contours in the temperaturedensity plane encompassing regions around the critical point where the contribution from the critical enhancement term λ 2 ðT ; rÞ to the total thermal conductivity λðT ; rÞ exceeds 5%, 1%, 0.5%, and 0.1%. The information in this figure can be used as a guide to decide at which temperatures and densities the critical-enhancement term needs to be included to calculate the thermal conductivity with a given accuracy. We note that the range of the critical thermal-conductivity enhancement for H 2 O is comparable to that observed for other fluids such as carbon dioxide. 29 in regions where it is applicable, and also with a subset of the experimental data. The uncertainty estimates are summarized in Fig. 17 and can be considered as estimates of a combined expanded uncertainty with a coverage factor k = 2. Finally, the present formulation reproduces the recommended value 152 of the thermal conductivity at 298.15 K and 0. 
Supercooled region
The thermal diffusivity of supercooled water has been measured by Benchikh et al. 47 and by Taschin et al. 46 These data were converted to thermal conductivity with the density and heat capacity calculated from the recommended equations in Ref. 178 for supercooled water. Figure 9 shows the agreement between the correlating Eq. (2) and these two datasets, demonstrating that the extrapolation behavior of Eq. (2) into the supercooled liquid region is reasonable. For comparison purposes, the extrapolation behaviors of the 1985/2008 IAPWS formulation for the thermal conductivity 29 and of the compact equation for 0.1 MPa, Eq. (21), are also shown. Equations (2) and (21) are indistinguishable on the plot.
The isobaric heat capacity c p of supercooled water exhibits an anomalous increase at temperatures below 270 K as measured by Angell et al. 185 and Archer and Carter. 186 The IAPWS-95 formulation in the region of supercooled water was fitted to the c p measurements of Angell et al. The subsequent c p measurements of Archer and Carter are believed to have a slightly higher accuracy. 187 Conversion of the thermaldiffusivity data to thermal-conductivity data with the aid of an equation that reproduces the c p measurements of Archer and Carter yields slightly lower values of thermal conductivity, but differ by no more than 1% from the values obtained using c p from IAPWS-95, which is within the experimental accuracy of the data. 033102-18 HUBER ET AL.
Recommendations for Industrial Applications
Industrial application of the correlating equation
The recommended formulation for calculating the thermal conductivity in conjunction with IAPWS-IF97 (Ref. 3) has a form similar to Eq. (2),
where the functions λ 0 T À Á and λ 1 T; r À Á are identical to those specified in Eqs. (4) and (5), but where for the industrial application we use
In Eq. (25), the isobaric specific heat capacity c p , as well as the density derivatives in Eq. (17) for specifying the correlation length ξ in Eqs. (13) and (16) for the function Z, are to be calculated from IAPWS-IF97. 3 The function z T R ; r À Á in Eq. (19) is for industrial applications to be calculated from
with coefficients A ij given in Table 11 . The dimensionless viscosity, m, in Eq. (25) should be calculated from the recommended viscosity correlation for industrial application as described in the IAPWS Formulation 2008 for the Viscosity of Ordinary Water Substance. 5 If one needs the thermal conductivity for an industrial application as a function of pressure, rather than as a function of density, the pressures should be converted to densities to be entered into Eqs. (24) and (25) by using the IAPWS Industrial Formulation 1997 for the thermodynamic properties. 
Estimated uncertainty of the industrial equation
The uncertainty of the industrial equatio n results from two contributions: (1) the uncertainty of the recommended correlating equation for general and scientific use, illustrated in Fig. 17 , and (2) the deviation caused by using the industrial formulation for the thermodynamic properties, industrial equation for the viscosity, and the approximation for the compressibility at the reference temperature T R . Since the latter is much smaller than the former, the uncertainties shown in ) with IAPWS-IF97 is negative, or if it is greater than 1 Â 10 13 , ζ should be set equal to 1 Â 10 13 . Similarly, if the value of c p computed with IAPWS-IF97 is negative, or if it is greater than 1 Â 10 13 , c p should be set equal to 1 Â 10 13 . In addition, due to some numerical implementations of the equation of state, the calculated singularity in the first derivative in Eq. (18) may not occur exactly at T c = T * and ρ c = ρ * as it should. Therefore, calculated values of λ 2 may behave unphysically at points extremely close to the critical point (approximately within 0.01 kg m À3 of ρ c on the critical isotherm). The formulation should be used with caution in this region. Tables 12-14 correspond to Region 1, Region 2, and Region 3, respectively, as defined in IAPWS-IF97. 3 In Region 5, λ 2 = 0.
Discussion
The international task group, comprising members affiliated with IAPWS and IATP, has completed its examination of the data, theory, and models most appropriate for describing the thermal conductivity of water over broad ranges of temperature and pressure. The resulting Eq. (2), with subsidiary equations and the accompanying tables of coefficients and parameters, should allow calculation of the thermal conductivity of water for most purposes according to international consensus and within uncertainty bounds achievable with current information. As evidenced by Fig. 17 , there are still regions (for example, at pressures above 500 MPa or temperatures above about 800 K) where new experimental data with low uncertainties could lead to improvements in future representations of the thermal-conductivity surface of water. Furthermore, improvements in theory may better elucidate the high-temperature extrapolation behavior.
The form of Eq. (2) and the general forms of the constituent factors are very similar to those established in the earlier standard formulation described in Ref. 29 . However, the new equation provides an improved theoretical description of the critical region, allows calculations in a broader range of state variables, considers an expanded set of experimental data, and is consistent with the more recent consensus document for the thermodynamic properties of water. The comparisons of Sec. 4 provide support for the uncertainty estimates over the full range of applicability of the correlation.
The current IAPWS Release on the Thermal Conductivity of Ordinary Water Substance 6 provides a concise description of the correlating equations for potential users. This paper provides a more detailed explanation of the formulation. 
